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VIDEO-BASED IMAGE CONTROL SYSTEM 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority from U.S. Provisional Application No. 60/220,223, 
filed July 24, 2000, and titled VIDEO-BASED IMAGE CONTROL SYSTEM, which is 
incorporated by reference. 

TECHNICAL FIELD 

This invention relates to an image processing system, and more particularly to a 
video-based image control system for processing stereo image data. 

BACKGROUND 

A variety of operating systems are currently available for interacting with and 
controlling a computer system. Many of these operating systems use standardized interfaces 
based on conmionly accepted graphical user interface (GUI) ftmctions and control 
techniques. As a result, different computer platforms and user applications can be easily 
controlled by a user who is relatively unfamiliar with the platform and/or application, as the 
functions and control techniques are generally common from one GUI to another. 

One commonly accepted control technique is the use of a mouse or trackball style 
pointing device to move a cursor over screen objects. An action, such as clicking (single or 
double) on the object, executes a GUI ftmction. However, for someone who is unfamiliar 
with operating a computer mouse, selecting GUI functions may present a challenge that 
prevents them from interfacing with the computer system. There also exist situations where 
it becomes impractical to provide access to a computer mouse or trackball, such as in front of 
a department store display window on a city street, or where the user is physically 
challenged. 

SUMMARY 

In one general aspect, a method of using stereo vision to interface with a computer is 
disclosed. The method includes capturing a stereo image and processing the stereo image to 
determine position information of an object in the stereo image. The object may be 
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controlled by a user. The method further includes using the position information to allow the 
user to interact with a computer application. 

The step of capturing the stereo image may include capturing the stereo image using a 
stereo camera. The method also may include recognizing a gesture associated with the object 
by analyzing changes in the position information of the object, and controUing the computer 
application based on the recognized gesture. The method also include determining an 
application state of the computer application, and using the application state in recognizing 
the gesture. The object may be the user. In another instance, the object is a part of the user. 
The method may include providing feedback to the user relative to the computer application. 

In the above implementation, processing the stereo image to determine position 
information of the object may include mapping the position information from position 
coordinates associated with the object to screen coordinates associated with the computer 
application. Processing the stereo image also may include processing the stereo image to 
identify feature information and produce a scene description from the feature information. 

Processing the stereo image also may include analyzing the scene description to 
identify a change in position of the object and mapping the change in position of the object. 
Processing the stereo image to produce the scene description also may include processing the 
stereo image to identify matching pairs of features in the stereo image, and calculating a 
disparity and a position for each matching feature pair to create a scene description. 

The method may include analyzing the scene description in a scene analysis process 
to determine position information of the object. 

Capturing the stereo image may include capturing a reference image from a reference 
camera and a comparison image from a comparison camera, and processmg the stereo image 
also may include processing the reference image and the comparison image to create pairs of 
features. 

Processing the stereo image to identify matching pairs of features in the stereo image 
also may include identifying features in the reference image, generating for each feature in 
the reference image a set of candidate matching features in the comparison image, and 
producing a feature pair by selecting a best matchmg feature from the set of candidate 
matching features for each feature in the reference image. Processing the stereo image also 
may include filtering the reference image and the comparison image. 
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Producing the feature pair may include calculating a match score and rank for each of 
the candidate matching features, and selecting the candidate matching feature with the 
highest match score to produce the feature pair. 

Generating for each feature in the reference image, a set of candidate matching 
features may include selecting candidate matching features from a predefined range in the 
comparison image. 

Feature pairs may be eliminated based upon the match score of the candidate 
matching feature. Feature pairs also may be eliminated if the match score of the top ranking 
candidate matching feature is below a predefined threshold. The featxxre pair may be 
eliminated if the match score of the top ranking candidate matching feature is within a 
predefined threshold of the match score of a lower ranking candidate matching feature. 

Calculating the match score may include identifying those feature pairs that are 
neighboring, adjusting the match score of feature pairs in proportion to the match score of 
neighboring candidate matching features at similar disparity, and selecting the candidate 
matching feature with the highest adjusted match score to create the feature pair. 

Feature pairs may be eUminated by applying the comparison image as the reference 
image and the reference image as the comparison image to produce a second set of feature 
pairs, and eliminating those feature pairs in the original set of feature pairs which do not have 
a corresponding feature pair in the second set of feature pairs. 

The method may include for each feature pair in the scene description, calculating 
real world coordinates by transforming the disparity and position of each feature pair relative 
to the real world coordinates of the stereo image. Selecting features may include dividing the 
reference image and the comparison image of the stereo image into blocks. The feature may 
be described by a pattern of luminance of the pixels contained with the blocks. Dividing also 
may include dividing the images into pixel blocks having a fixed size. The pixel blocks may 
be 8 X 8 pixel blocks. 

Analyzing the scene description to determine the position information of the object 
also may include cropping the scene description to exclude feature information lying outside 
of a region of interest in a field of view. Cropping may include establishing a boundary of 
the region of interest. 
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Analyzing the scene description to determine the position information of the object 
also may include clustering the feature information in a region of interest into clusters having 
a collection of features by comparison to neighboring feature information within a predefined 
range, and calculating a position for each of the clusters. Analyzing the scene description 
also may include eUminating those clusters having less than a predefined threshold of 
features. 

Analyzing the scene description also may include selecting the position of the clusters 
that match a predefined criteria, recording the position of the clusters that match the 
predefined criteria as object position coordinates, and outputting the object position 
coordinates. The method also may include determining the presence of a user from the 
clusters by checking features within a presence detection region. Calculating the position for 
each of the clusters may exclude those features in the clusters that are outside of an object 
detection region. 

The method may include defining a dynamic object detection region based on the 
object position coordinates. Additionally, the dynamic object detection region may be 
defined relative to a user's body. 

The method may include defining a body position detection region based on the 
object position coordinates. Defining the body position detection region also may mclude 
detecting a head position of the user. The method also many include smoothing the motion 
of the object position coordinates to eliminate jitter between consecutive image frames. 

The method may include calculating hand orientation information from the object 
position coordinates. Outputting the object position coordinates may include outputting the 
hand orientation information. Calculating hand orientation information also may include 
smoothing the changes in the hand orientation information. 

Defining the dynamic object detection region also may include identifying a position 
of a torso-divisioning plane from the collection of features, and determining the position of a 
hand detection region relative to the torso-divisioning plane in the axis perpendicular to the 
torso divisioning plane. 

Defining the dynamic object detection region may include identifying a body center 
position and a body boundary position from tiie collection of features, identifying a position 
indicating part of an arm of the user from the collection of features using the intersection of 
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the feature pair cluster with the torso divisioning plane, and identifying the arm as either a 
left arm or a right arm using the arm position relative to the body position. 

This method also may include establishing a shoulder position from the body center 
position, the body boundary position, the torso-divisioning plane, and the left arm or the right 
arm identification. Defining the dynamic object detection region may include determining 
position data for the hand detection region relative to the shoulder position. 

This technique may include smoothing the position data for the hand detection region. 
Additionally, this technique may include determining the position of the dynamic object 
detection region relative to the torso divisioning plane in the axis perpendicular to the torso 
divisioning plane, determining the position of the dynamic object detection region in the 
horizontal axis relative to the shoulder position, and determining the position of the dynamic 
object detection region in the vertical axis relative to an overall height of the user using the 
body boundary position. 

Defining the dynamic object detection region may include establishing the position of 
a top of the user's head using topmost feature pairs of the collection of features unless the 
topmost feature pairs are at the boundary, and determining the position of a hand detection 
region relative to the top of the user's head. 

In another aspect, a method of using stereo vision to interface v^ith a computer is 
disclosed. The method includes capturing a stereo image using a stereo camera, and 
processing the stereo image to determine position information of an object in the stereo 
image, wherein the object is controlled by a user. The method farther includes processing 
the stereo image to identify feature information, to produce a scene description from the 
feature information, and to identify matching pairs of features in the stereo image. The 
method also includes calculating a disparity and a position for each matching feature pair to 
create the scene description, and analyzing the scene description in a scene analysis process 
to determine position information of the object. The method may include clustering the 
feature information in a region of interest into clusters having a collection of features by 
comparison to neighboring feature information within a predefined range, calculating a 
position for each of the clusters, and using the position information allow the user to interact 
with a computer application. 
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Additionally, this technique may include mapping the position of the object from the 
feature information from camera coordinates to screen coordinates associated with the 
computer application, and using the mapped position to interface with the computer 
application. 

The method may include recognizing a gesture associated with the object by 
analyzing changes in the position information of the object in the scene description, and 
combining the position information and the gesture to interface with the computer 
application. The step of capturing the stereo image may include capturing the stereo image 
using a stereo camera. 

In another aspect, a stereo vision system for interfacing with an application program 
running on a computer is disclosed. The stereo vision system includes first and second video 
cameras arranged in an adjacent configuration and operable to produce a series of stereo 
video images. A processor is operable to receive the series of stereo video images and detect 
objects appearing in an intersecting field of view of the cameras. The processor executes a 
process to define an object detection region in three-dimensional coordinates relative to a 
position of the first and second video cameras, select a control object appearing within the 
object detection region, and map position coordinates of the control object to a position 
indicator associated with the application program as the control object moves within the 
object detection region. 

The process may select as a control object a detected object appearing closest to the 
video cameras and within the object detection region. The control object may be a human 
hand. 

A horizontal position of the control object relative to the video cameras may be 
mapped to a x-axis screen coordinate of the position indicator. A vertical position of the 
control object relative to the video cameras may be mapped to a y-axis screen coordinate of 
the position indicator. 

The processor may be configured to map a horizontal position of the control object 
relative to the video cameras to a x-axis screen coordinate of the position indicator, map a 
vertical position of the control object relative to the video cameras to a y-axis screen 
coordinate of the position indicator, and emulate a mouse function using the combined x-axis 
and y-axis screen coordinates provided to the appUcation program. 
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The processor may be configured to emulate buttons of a mouse using gestures 
derived from the motion of the object position. The processor may be configured to emulate 
buttons of a mouse based upon a sustained position of the control object in any position 
within the object detection region for a predetermined time period. In other instances, the 
processor may be configured to emulate buttons of a mouse based upon a position of the 
position indicator being sustained within the bounds of an interactive display region for a 
predetermined time period. The processor may be configured to map a z-axis depth position 
of the control object relative to the video cameras to a virtual z-axis screen coordinate of the 
position indicator. 

The processor may be configured to map a x-axis position of the control object 
relative to the video cameras to a x-axis screen coordinate of the position indicator, map a y- 
axis position of the control object relative to the video cameras to a y-axis screen coordinate 
of the position indicator, and map a z-axis depth position of the control object relative to the 
video cameras to a virtual z-axis screen coordinate of the position indicator. 

A position of the position indicator being within the bounds of an interactive display 
region may trigger an action within the application program. Movement of the control object 
along a z-axis depth position that covers a predetermined distance within a predetermined 
time period may trigger a selection action within the application program. 

A position of the control object being sustained in any position within the object 
detection region for a predetermined time period may trigger part of a selection action within 
the application program. 

In another aspect, a stereo vision system for interfacing with an application program 
running on a computer is disclosed. The stereo vision system includes first and second video 
cameras arranged in an adjacent configuration and operable to produce a series of stereo 
video images. A processor is operable to receive the series of stereo video images and detect 
objects appearing in the intersecting field of view of the cameras. The processor executes a 
process to define an object detection region in three-dimensional coordinates relative to a 
position of the first and second video cameras, select as a control object a detected object 
appearing closest to the video cameras and within the object detection region, define sub 
regions within the object detection region, identify a sub region occupied by the control 
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object, associate with that sub region an action that is activated when the control object 
occupies that sub region, and apply the action to interface with a computer application. 

The action associated with the sub region is further defined to be an emulation of the 
activation of keys associated with a computer keyboard. A position of the control object 
being sustained in any sub region for a predetermined time period may trigger the action. 

In yet another aspect, a stereo vision system for interfacing with an application 
program running on a computer is disclosed. First and second video cameras are arranged in 
an adjacent configuration and are operable to produce a series of stereo video images. A 
processor is operable to receive the series of stereo video images and detect objects appearing 
in an intersecting field of view of the cameras. The processor executes a process to identify 
an object perceived as the largest object appearing in the intersecting field of view of the 
cameras and positioned at a predetermined depth range, select the object as an object of 
interest, determine a position coordinate representing a position of the object of interest, and 
use the position coordinate as an object control point to control the application program. 

The process also may cause the processor to determine and store a neutral control 
point position, map a coordinate of the object control point relative to the neutral control 
point position, and use the mapped object control point coordinate to control the application 
program. 

The process may cause the processor to define a region having a position based upon 
the position of the neutral control point position, map the object control point relative to its 
position within the region, and use the mapped object control point coordinate to control the 
application program. The process also may cause the processor to transform the mapped 
object control point to a velocity function, determine a viewpoint associated with a virtual 
environment of the application program, and use the velocity function to move the viewpoint 
within the virtual environment. 

The process may cause the processor to map a coordinate of the object control point 
to control a position of an indicator within the application program. In this implementation 
the indicator may be an avatar. 

The process may cause the processor to map a coordinate of the object control point 
to control an appearance of an indicator within the application program. In this 
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implementation the indicator may be an avatar. The object of interest may be a human 
appearing within the intersecting field of view. 

In another aspect, a stereo vision system for interfacing with an application program 
running on a computer is disclosed. The stereo vision system includes first and second video 
cameras arranged in an adjacent configuration and operable to produce a series of stereo 
video images. A processor is operable to receive the series of stereo video images and detect 
objects appearing in an intersecting field of view of the cameras. The processor executes a 
process to identify an object perceived as the largest object appearing in the intersecting field 
of view of the cameras and positioned at a predetermined depth range, select the object as an 
object of interest, define a control region between the cameras and the object of interest, the 
control region being positioned at a predetermined location and having a predetermined size 
relative to a size and a location of the object of interest, search the control region for a point 
associated with the object of interest that is closest to the cameras and within the control 
region, select the point associated with the object of interest as a control point if the point 
associated with the object of interest is within the control region, and map position 
coordinates of the control point, as the control point moves within the control region, to a 
position indicator associated with the application program. 

The processor may be operable to map a horizontal position of the control point 
relative to the video cameras to a x-axis screen coordinate of the position indicator, map a 
vertical position of the control point relative to the video cameras to a y-axis screen 
coordinate of the position indicator, and emulate a mouse function using a combination of the 
X-axis and the y-axis screen coordinates. 

Alternatively, the processor also may be operable to map a x-axis position of the 
control point relative to the video cameras to a x-axis screen coordinate of the position 
indicator, map a y-axis position of the control point relative to the video cameras to a y-axis 
screen coordinate of the position indicator, and map a z-axis depth position of the control 
point relative to the video cameras to a virtual z-axis screen coordinate of the position 
indicator. 

In the stereo vision system, the object of interest may be a human appearing within 
the intersecting field of view. Additionally, the control point may be associated with a 
human hand appearing within the control region. 
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In yet another aspect, a stereo vision system for interfacing with an apphcation 
program running on a computer is disclosed. First and second video cameras are arranged in 
an adjacent configuration and are operable to produce a series of stereo video images. A 
processor is operable to receive the series of stereo video images and detect objects appearing 
in an intersecting field of view of the cameras. The processor executes a process to define an 
object detection region in three-dimensional coordinates relative to a position of the first and 
second video cameras, select up to two hand objects from the objects appearing in the 
intersecting field of view that are within the object detection region, and map position 
coordinates of the hand objects, as the hand objects move within the object detection region, 
to positions of virtual hands associated with an avatar rendered by the application program. 

The process may select the up to two hand objects from the objects appearing in the 
intersecting field of view that are closest to the video cameras and within the object detection 
region. The avatar may take the form of a human- like body. Additionally, the avatar may be 
rendered in and interact with a virtual environment forming part of the application program. 
The processor may execute a process to compare the positions of the virtual hands associated 
with the avatar to positions of virtual objects within the virtual environment to enable a user 
to interact with the virtual objects within the virtual environment. 

The processor also may execute a process to detect position coordinates of a user 
within the intersecting field of view, and map the position coordinates of the user to a virtual 
torso of the avatar rendered by the application program. The process may move at least one 
of the virtual hands associated with the avatar to a neutral position if a corresponding hand 
object is not selected. 

The processor also may execute a process to detect position coordinates of a user 
within the intersecting field of view, and map the position coordinates of the user to a 
velocity function that is applied to the avatar to enable the avatar to roam through a virtual 
environment rendered by the application program. The velocity function may include a 
neutral position denoting zero velocity of the avatar. The processor also may execute a 
process to map the position coordinates of the user relative to the neutral position into torso 
coordinates associated with the avatar so that the avatar appears to lean. 
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The processor also may execute a process to compare the position of the virtual hands 
associated with the avatar to positions of virtual objects within the virtual environment to 
enable the user to interact with the virtual objects while roaming through the virtual 
environment. 

As part of the stereo vision system, a virtual knee position associated with the avatar 
may be derived by the application program and used to refine an appearance of the avatar. 
Additionally, a virtual elbow position associated with the avatar may be derived by the 
application program and used to refine an appearance of the avatar. 

The details of one or more implementations are set forth in the accompanying 
drawings and the description below. Other features and advantages will be apparent from the 
description and drawings, and from the claims. 

DESCRIPTION OF DRAWINGS 

Fig. 1 shows the hardware components and environment of a typical implementation 
of a video-based image control system. 

Fig. 2 is a flow diagram generally describing the processing technique employed by 
the system of Fig. 1. 

Fig. 3 is a diagram showing the field of view of each camera associated with the 
video-based image control system of Fig. 1. 

Fig. 4 shows a common point of interest and epipolar lines appearing in a pair of 
video images produced by a stereo camera device. 

Fig. 5 is a flow diagram showing a stereo processing routine used to produce scene 
description information from stereo images. 

Fig. 6 is a flow diagram showing a process for transforming scene description 
information into position and orientation data. 

Fig. 7 is a graph showing the degree of damping S as a function of distance D 
expressed in terms of change in position. 

Fig. 8 shows an implementation of the image control system in which an object or 
hand detection region is established directly in front of a computer monitor screen. 

Fig. 9 is a flow diagram showing an optional process of dynamically defining a hand 
detection region relative to a user's body. 
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Figs 1 OA- IOC illustrate examples of the process of Fig. 9 for dynamically defining 
the hand detection region relative to the user's body. 

Fig. 11 A shows an exemplary user interface and display region associated with the 
video-based image control system. 

Fig. 1 IB shows a technique for mapping a hand or pointer position to a display region 
associated with the user interface of Fig. 1 1 A. 

Fig. 12A illustrates an exemplary three-dimensional user interface represented in a 
virtual reality environment. 

Fig. 12B illustrates the three-dimensional user interface of Fig. 12A in which contents 
of a virtual file folder have been removed for viewing. 

Fig. 13A illustrates an exemplary representation of a three-dimensional user interface 
for navigating through a virtual three-dimensional room. 

Fig. 13B is a graph showing coordinate regions which are represented in the image 
control system as dead zones, in which there is no implied change in virtual position. 

Fig. 14 shows an exemplary implementation of a video game interface in which 
motions and gestures are interpreted as joystick type navigation control functions for flying 
through a virtual three-dimensional cityscape. 

Fig. 15A is a diagram showing an exemplary hand detection region divided into 
detection planes. 

Fig. 15B is a diagram showing an exemplary hand detection region divided into 
detection boxes. 

Figs. 15C and 15D are diagrams showing an exemplary hand detection region divided 
into two sets of direction detection boxes, and further show a gap defined between adjacent 
direction detection boxes. 

Like reference symbols in the various drawings indicate like elements. 

DETAILED DESCRIPTION 

Fig. 1 shows one implementation of a video-based image control system 100. A 
person (or multiple people) 101 locates him or herself in, or reaching with his hand or hands 
into, a region of interest 102. The region of interest 102 is positioned relative to an image 
detector 103 so as to be in the overall field of view 104 of the image detector. The region of 
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interest 102 contains a hand detection region 105 within which parts of the person's body, if 
present and detectable, are located and their positions and motions measured. The regions, 
positions and measures are expressed in a three-dimensional x, y, z coordinate or world- 
coordinate system 106 which does not need to be aligned to the image detector 103, A series 
of video images generated by the image detector 103 are processed by a computing apparatus 
107, such as a personal computer, capable of displaying a video image on a video display 
108. 

As will be described in greater detail below, the computing apparatus 107 processes 
the series of video images in order to analyze the position and gestures of an object such as 
the user's hand. The resulting position and gesture information then is mapped into an 
application program, such as a graphical user interface (GUI) or a video game. A 
representation of the position and gestures of the user's hand (such as a screen pointer or 
cursor) is presented on the video display 108 and allows functions within the GUI or video 
game to be executed and/or controlled. An exemplary function is moving the cursor over a 
screen button and receiving a "click" or "press" gesture to select the screen button. The 
function associated with the button may then be executed by the computing apparatus 107. 
The image detector 103 is described in greater detail below. System 100 may be 
implemented in a variety of configurations including a desktop configuration where the 
image detector 103 is mounted on a top surface of the video display 108 for viewing the 
region of interest 102, or altematively an overhead camera configuration where the image 
detector 103 is mounted on a support structure and positioned above the video display 108 
for viewing the region of interest 102. 

Fig. 2 shows the video image analysis process 200, that may be implemented through 
computer software or alternatively computer hardware, involved in a typical implementation 
of the system 100. The image detector or video camera 103 acquires stereo images 201 of 
the region of interest 102 and the surrounding scene. These stereo images 201 are conveyed 
to the computing apparatus 107 (which may optionally be incorporated into the image 
detector 103), which performs a stereo analysis process 202 on the stereo images 201 to 
produce a scene description 203. From the scene description 203, computing apparatus 107 
or a different computing device, uses a scene analysis process 204 to calculate and output 
hand/object position information 205 of the person's (or people's) hand(s) or other suitable 
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pointing device and optionally the positions or measures of other features of the person's 
body. The hand/object position information 205 is a set of three-dimensional coordinates 
that are provided to a position mapping process 207 that maps or transforms the three- 
dimensional coordinates to a scaled set of screen coordinates. These screen coordinates 
produced by the position mapping process 207 can then be used as screen coordinate position 
information by an application program 208 that runs on the computing apparatus 107 and 
provides user feedback 206, 

Certain motions made by the hand(s), which are detected as changes in the position of 
the hand(s) and/or other features represented as the hand/object position information 205, 
may also be detected and interpreted by a gesture analysis and detection process 209 as 
gesture information or gestures 211. The screen coordinate position information from the 
position mapping process 207 along with the gesture information 211 is then communicated 
to, and used to control, the application program 208. 

The detection of gestures may be context sensitive, in which case an application state 
210 may be used by the gesture detection process 209, and the criteria and meaning of 
gestures may be selected by the application program 208. An example of an application state 
210 is a condition where the appearance of the cursor changes depending upon its displayed 
location on the video screen 108, Thus, if the user moves the cursor from one screen object 
to a different screen object, the icon representing the cursor may for example change from a 
pointer icon to a hand icon. Typically, the user receives feedback 206 as changes in the 
image presented on the video display 108. In general, the feedback 206 is provided by the 
application program 208 and pertains to the hand position and the state of the application on 
the video display 108. 

The image detector 103 and the computing device 107 produce scene description 
information 203 that includes a three-dimensional position, or information from which the 
three-dimensional position is implied, for all or some subset of the objects or parts of the 
objects that make up the scene. Objects detected by the stereo cameras within the image 
detector 103 may be excluded from consideration if their positions lie outside the region of 
interest 102, or if they have shape or other qualities inconsistent with those expected of a 
person in a pose consistent with the typical use of the system 100. As a result, few 
limitations are imposed on the environment in which the system may operate. The 
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environment may even contain additional people who are not interacting with the system. 
This is a unique aspect of the system 100 relative to other tracking systems that require that 
the parts of the image(s) that do not make up the user, that is the background, be static and/or 
modeled. 

Also, few limitations are imposed on the appearance of the user and hand, as it is the 
general three-dimensional shape of the person and arm that is used to identify the hand. The 
user 101 may even wear a glove or mitten while operating system 100. This is also a unique 
aspect of system 100, as compared to other tracking systems that make use of the appearance 
of the hand, most commonly skin color, to identify the hand. Thus, system 100 can be 
considered more robust than methods relying on the appearance of the user and hand, 
because the appearance of bodies and hands are highly variable among poses and different 
people. However, it should be noted that appearance may be used by some implementations 
of the stereo analysis process 202 that are compatible with the system 100. 

Typically, the scene description information 203 is produced through the use of stereo 
cameras. In such a system, the image detector 103 consists of two or more individual 
cameras and is referred to as a stereo camera head. The cameras may be black and white 
video cameras or may alternatively be color video cameras. Each individual camera acquires 
an image of the scene from a unique viewpoint and produces a series of video images. Using 
the relative positions of parts of the scene of each camera image, the computing device 107 
can infer the distance of the object from the image detector 103, as desired for the scene 
description 203. 

An implementation of a stereo camera image detector 103 that has been used for this 
system is described in greater detail below. Other stereo camera systems and algorithms 
exist that produce a scene description suitable for this system, and it should be understood 
that it is not intended that this system be limited to using the particular stereo system 
described herein. 

Turning to Fig. 3 each camera 301, 302 of the image detector or stereo camera head 
103 detects and produces an image of the scene that is within that camera's field of view 304, 
305 (respectively). The overall field of view 104 is defined as the intersection of all the 
individual field of views 304, 305. Objects 307 within the overall field of view 104 have the 
potential to be detected, as a whole or in parts, by all the cameras 301, 302. The objects 307 
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may not necessarily lie within the region of interest 102. This is permissible because the 
scene description 203 is permitted to contain objects, or features of objects, that are outside 
the region of interest 102. With respect to Fig. 3, it should be noted that the hand detection 
region 105 is a subset of the region of interest 102. 
5 With respect to Fig. 4, each image 401 and 402 of the pair of images 201, is detected 

by the pair of cameras 103. There exists a set of lines in the image 401, such that for each 
line 403 of that set, there exists a corresponding line 404 in the other image 402. Further, 
any common point 405 in the scene that is located on the line 403, will also be located on the 
corresponding line 404 in the second camera image 402, so long as that point is within the 
10 overall field of view 104 and visible by both cameras 301, 302 (for example, not occluded by 

G another object in the scene). These lines 403, 404 are referred to as epipolar lines. The 

to 

Ci difference in position of the point on each of the epipolar lines of the pair is referred to as 

disparity. Disparity is inversely proportional to distance, and therefore provides information 
required to produce the scene description 203. 
\115 The epipolar line pairs are dependent on the distortion in the cameras' images and the 

}^ geometric relationship between the cameras 301, 302. These properties are determined and 

2^ optionally analyzed through a pre-process referred to as calibration. The system must 
I d account for the radial distortion introduced by the lenses used on most cameras. One 

T: technique for resolving those camera characteristics that describe this radial distortion is 

20 presented in Z. Zhang, A Flexible New Technique for Camera Calibration, Microsoft 

Research, http://research.microsoft.com/-zhang . which is incorporated by reference, and may 
be used as the first step of calibration. This technique will not find the epipolar lines, but it 
causes the lines to be straight, which simplifies finding them. A subset of the methods 
described in Z. Zhang, Determining the Epipolar Geometry and its Uncertainty: A Review, 
25 The International Journal of Computer Vision 1997, and Z. Zhang, Determining the Epipolar 
Geometry and its Uncertainty: A review. Technical Report 2927, INRIA Sophia Antipolis, 
France, July 1996, both of which are incorporated by reference, may be applied to solve the 
epipolar lines, as the second step of calibration. 

One implementation of a stereo analysis process 202 that has been used to produce 
30 the scene description 203 is described in Fig. 5. The image pair 201 includes a reference 
image 401 and a comparison image 402. Individual images 401 and 402 are fihered by an 
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image filter 503 and broken into features at block 504. Each feature is represented as an 8 x 
8 block of pixels. However it should be understood that the features may be defined in pixel 
blocks that are larger or smaller than 8x8 and processed accordingly. 

A matching process 505 seeks a match for each feature in the reference image„ To 
5 this end, a feature comparison process 506 compares each feature in the reference image to 
all features that lie within a predefined range along the corresponding epipolar line, in the 
second or comparison image 402. In this particular implementation, a feature is defined as 
an 8 X 8 pixel block of the image 401 or 402, where the block is expected to contain a part of 
an object in the scene, represented as a pattern of pixel intensities (which, due to the filtering 
™J0 by the image filter 503, may not directly represent luminance) within the block. The 
C likelihood that each pair of features matches is recorded and indexed by the disparity. Blocks 
Q within the reference image 401 are eliminated by a feature pair filter 507 if the best feature 

?^ pair's likelihood of a match is weak (as compared to a predefined threshold), or if multiple 
Ul feature pairs have similar likelihood of being the best match (where features are considered 

15 similar if the difference in their likelihood is within a predefined threshold). Of remaining 
H reference features, the likelihood of all feature pairs is adjusted by a neighborhood support 
flj process 508 by an amount proportional to the likelihood found for neighboring reference 

features with feature pairs of similar disparity. For each reference feature, the feature pair 
^ with the best likelihood may now be selected by a feature pair selection process 509, 
20 providing a disparity (and hence, distance) for each reference feature. 

Due to occlusion, a reference feature (produced by process 504) may not be 
represented in the second or comparison image 402 and the most likely matching feature that 
is present will be erroneous. Therefore, in a two camera system, the features selected in 
comparison image 402 are examined by a similar procedure (by applying processes 506, 507, 
25 508, and 509 in a second parallel matching process 510) to determine the best matching 

features of those in reference image 401, a reversal of the previous roles for images 401 and 
402. In a three camera system (i.e., a third camera is used in addition to cameras 301 and 
302), the third camera's image replaces the comparison image 402, and the original reference 
image 401 continues to be used as the reference image, by a similar procedure (by applying 
30 processes 506, 507, 508, and 509 in the second parallel matching process 510) to determine 
the best matching features of those in the third image. If more than three cameras are 
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available, this process can be repeated for each of the additional camera images. Any 
reference feature whose best matching paired feature has a more likely matching feature in 
the reference image 401 is eliminated in a comparison process 511. As a result, many 
erroneous matches, and therefore erroneous distances, caused by occlusion are eliminated. 

The result of the above procedure is a depth description map 512 that describes the 
position and disparity of features relative to the images 401, 402. These positions and 
disparities (measured in pixels) are transformed by a coordinate system transformation 
process 513 to the arbitrary three-dimensional world coordinate system (x, y, z coordinate 
system) (106 of Fig. 1) by applying Eq. 1, Eq. 2 and Eq. 3, which are presented below. 
Disparity can be difficult to work with because it is non-linearly related to distance. For this 
reason, these equations generally are applied at this time so that the coordinates of the scene 
description 203 are described in terms of linear distance relative to the world coordinate 
system 106. Application of these equations, however, will re-distribute the coordinates of the 
features in such a way that the density of features in a region will be affected, which makes 
the process of clustering features (performed in a later step) more difficult. Therefore, the 
original image-based coordinates typically are maintained along with the transformed 
coordinates. 

This transformed depth description map produced by transformation process 513 is 
the scene description 203 (of Fig. 2). It is the task of the scene analysis process 204 to make 
sense of this information and extract useful data. Typically, the scene analysis process 204 is 
dependent on the particular scenario in which this system is applied. 

Fig. 6 presents a flow diagram that summarizes an implementation of the scene 
analysis process 204. In the scene analysis process 204, features within the scene-description 
203 are filtered by a feature cropping module 601 to exclude features with positions that 
indicate that the features are unlikely to belong to the user or are outside the region of interest 
102. Module 601 also eliminates the background and other "distractions" (for example, 
another person standing behind the user). 

Typically, the region of interest 102 is defined as a bounding box aligned to the 
world-coordinate system 106. When this is the case, module 601 may easily check whether 
the coordinates of each feature are within the bounding box. 
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Often, parts of the background can be detected to be within the region of interest 102, 
or a box-shaped region of interest may be incapable of definitively separating the user 101 
from the background (particularly in confined spaces). When it is known that no user is 
within the region of interest 102, the scene description 203 is optionally sampled and 
modified by a background sampling module 602 to produce a background reference 603. 
The background reference 603 is a description of the shape of the scene that is invariant to 
changes in the appearance of the scene (for example, changes in illumination). Therefore, it 
is typically sufficient to sample the scene only when the system 100 is setup, and that 
reference will remain valid as long as the structure of the scene remains unchanged. The 
position of a feature forming part of the scene may vary by a small amount over time, 
typically due to signal noise. To assure that the observed background remains within the 
shape defined by the background reference 603, the background sampling module 602 may 
observe the scene description 203 for a short period of time (typically 1 to 5 seconds), and 
record the features nearest to the cameras 103 for all locations. Furthermore, the value 
defined by those features is expanded further by a predetermined distance (typically the 
distance corresponding to a one pixel change in disparity at the features' distances). Once 
sampling is complete, this background reference 603 can be compared to scene descriptions 
203, and any features within the scene description 203 that are on or behind the background 
reference are removed by the feature cropping module 601. 

After feature cropping, the next step is to cluster the remaining features into 
collections of one or more features by way of a feature clustering process 604. Each feature 
is compared to its neighbors within a predefined range. Features tend to be distributed more 
evenly in their image coordinates than in their transformed coordinates, so the neighbor 
distance typically is measured using the image coordinates. The maximum acceptable range 
is pre-defined, and is dependent on the particular stereo analysis process, such as stereo 
analysis process 202, that is used. The stereo analysis process 202 described above produces 
relatively dense and evenly distributed features, and therefore its use leads to easier 
clustering than if some other stereo processing techniques are used. Of those feature pairs 
that meet the criteria to be considered neighbors, their nearness in the axis most dependent on 
disparity (z-axis in those scenarios where the cameras are positioned in front of the region of 
interest, or the y-axis in those scenarios where the cameras are positioned above the region of 
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interest) is checked against a predefined range. A cluster may include pairs of features that 
do not meet these criteria if there exists some path through the cluster of features that joins 
those features such that the pairs of features along this path meet the criteria. 

Continuing with this implementation, clusters are filtered using a cluster filtering 
process 605 to assure that the cluster has qualities consistent with objects of the kinds 
expected to be present within the region of interest 102, and are not the result of features 
whose position (or disparity) has been erroneously identified in the stereo processing routine. 
Also, as part of the cluster filtering process 605, clusters that contain too few features to 
provide a confident measure of their size, shape, or position are eliminated. Measurements 
of the cluster's area, bounding size, and count of features are made and compared to 
predefined thresholds that describe minimum quantities of these measures. Clusters, and 
their features, that do not pass these criteria are removed from fiirther consideration. 

The presence or absence of a person is determined by a presence detection module 
606 in this implementation. The presence detection module 606 is optional because the 
information that this component provides is not required by all systems. In its simplest form, 
the presence detection module 606 need only check for the presence of features (not 
previously eliminated) within the bounds of a predefined presence detection region 607. The 
presence detection region 607 is any region that is likely to be occupied in part by some part 
of the user 101, and is not likely to be occupied by any object when the user is not present. 
The presence detection region 607 is typically coincident to the region of interest 102. In 
specific installations of this system, however, the presence detection region 607 may be 
defined to avoid stationary objects within the scene. In implementations where this 
component is applied, further processing may be skipped if no user 101 is found. 

In the described implementation of system 100, a hand detection region 105 is 
defined. The method by which this region 105 is defined (by process 609) is dependent on 
the scenario in which the system is applied, and is discussed in greater detail below. That 
procedure may optionally analyze the user's body and return additional information 
including body position(s)/measure(s) information 610, such as the position of the person's 
head. 

The hand detection region 105 is expected to contain nothing or only the person's 
hand(s) or suitable pointer. Any clusters that have not been previously removed by filtering 
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and that have features within the hand detection region 105 are considered to be, or include, 
hands or pointers. A position is calculated (by process 611) for each of these clusters, and if 
that position is within the hand detection region 105, it is recorded (in memory) as hand 
position coordinates 612. Typically, the position is measured as a weighted mean. The 
cluster's feature (identified by 1005 of the example presented in Fig. 10) that is furthest from 
side of entry (1002 in that example) of the hand detection region 105 is identified, and its 
position is given a weight of 1 based on the assumption that it is likely to represent the tip of 
a finger or pointer. The remaining weights of cluster features are based on the distance back 
from this feature, using the formula of Eq. 4 provided below. If only one hand position is 
required by the application and multiple clusters have features within the hand detection 
region 105, the position that is furthest from the side of entry 1002 is provided as the hand 
position 612 and other positions are discarded. Therefore, the hand that reaches furthest into 
the hand detection region 105 is used. Otherwise, if more than two clusters have features 
within the hand detection region 105, the position that is furthest from the side of entry 1002 
and the position that is second furthest from the side of entry 1002 are provided as the hand 
positions 612 and other positions are discarded. Whenever these rules cause a cluster to be 
included in place of a different cluster, the included clusters are tagged as such in the hand 
position data 612. 

In those scenarios where the orientation of the cameras is such that the person's arm 
is detectable, the orientation is represented as hand orientation coordinates 613 of the arm or 
pointer, and may optionally be calculated by a hand orientation calculation module 614. This 
is the case if the elevation of the cameras 103 is sufficiently high relative to the hand 
detection region 105, including those scenarios where the cameras 103 are directly above the 
hand detection region 105. The orientation may be represented by the principal axis of the 
cluster, which is calculated from the moments of the cluster. 

An alternative method that also yields good results, in particular when the features are 
not evenly distributed, is as follows. The position where the arm enters the hand detection 
region 105 is found as the position where the cluster is dissected by the plane formed by that 
boundary of the hand detection region 105. The vector between that position and the hand 
position coordinates 612 provides the hand orientation coordinates 613. 
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A dynamic smoothing process 615 may optionally be applied to the hand position 
coordinate(s) 612, the hand orientation(s) coordinates 613 (if solved), and any additional 
body positions or measures 610. Smoothing is a process of combining the results with those 
solved previously so that motion is steady from frame to frame. The one particular of 
smoothing for these particular coordinate values, each of the components of the coordinate, 
that is X, y, and z, are smoothed independently and dynamically. The degree of dampening S 
is calculated by Eq. 5, which is provided below, where S is dynamically and automatically 
adjusted in response to the change in position. Two distance thresholds, Da and Db, as 
shown in Fig. 7, define three ranges of motion. For a change in position that is less than Da, 
motion is heavily dampened in region 701 by Sa, thereby reducing the tendency of a value to 
switch back and forth between two nearby values (a side effect of the discrete sampling of 
the images). A change in position greater than Db is lightly dampened in region 702 by Sb, 
or not dampened. This reduces or eliminates lag and vagueness that is introduced in some 
other smoothing procedures. The degree of dampening is varied for motion between Da and 
Db, the region marked as 703, so that the transition between light and heavy dampening is 
less noticeable. Eq. 6, which is provided below, is used to solve the scalar a, which is used in 
Eq. 7 (also provided below) to modify the coordinate(s). The result of dynamic smoothing 
process 615 is the hand/object position information 205 of Fig. 2. Smoothing is not applied 
when process 611 has tagged the position as belonging to a different cluster than the previous 
position, since the current and previous positions are independent. 

The described method by which the hand detection region 105 is determined at step 
609 is dependent on the scenario in which the image control system 100 is applied. Two 
scenarios are discussed here. 

The simplest hand detection region 105 is a predetermined fixed region that is 
expected to contain either nothing or only the person's hand(s) or pointer. One scenario 
where this definition applies is the use of system 100 for controlling the user interface of a 
personal computer, where the hand detection region 105 is a region in front of the computer's 
display monitor 108, and above the computer's keyboard 802, as depicted in Fig. 8. In the 
traditional use of the computer, the user's hands or other objects do not normally enter this 
region. Therefore, any object found to be moving within the hand detection region 105 may 
be interpreted as an effort by the user 101 to perform the action of "pointing", using his or 
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her hand or a pointer, where a pointer may be any object suitable for performing the act of 
pointing, including, for example, a pencil or other suitable pointing device. It should be 
noted that specific implementation of the stereo analysis process 202 may impose constraints 
on the types or appearance of objects used as pointers. Additionally, the optional presence 
detection region, discussed above, may be defined as region 801, to include, in this scenario, 
the user's head. The image detector 103 may be placed above the monitor 108. 

In some scenarios, the hand detection region 105 may be dynamically defined relative 
to the user's body and expected to contain either nothing or only the person's hand(s) or 
pointer. The use of a dynamic region removes the restriction that the user be positioned at a 
predetermined position. Fig. 1 depicts a scenario in which this implementation may be 
employed. 

Fig. 9 shows an implementation of the optional dynamic hand detection region 
positioning process 609 in greater detail. In this process, the position of the hand detection 
region 105 on each of three axes is solved, while the size and orientation of the hand 
detection region 105 are dictated by predefined specifications. Figs. lOA-lOC present an 
example that is used to help illustrate this process. 

Using the cluster data 901 (the output of the cluster filtering process 605 of Fig. 6), 
the described procedure involves finding, in block 902, the position of a plane 1001 (such as 
a torso-divisioning plane illustrated in the side view depicted in Fig. IOC) whose orientation 
is parallel to the boundary 1002 of the hand detection region 105 through which the user 101 
is expected to reach. If the features are expected to be evenly distributed over the original 
images (as is the case when the implementation of the stereo analysis process 202 described 
above is used), then it is expected that the majority of the remaining features will belong to 
the user's torso, and not his hand. In this case, the plane 1001 may be positioned so that it 
segments the features into two groups of equal count. If the features are expected to be 
unevenly distributed (as is the case when some alternative implementations of the stereo 
analysis process 202 are used), then the above assumption may not be true. However, the 
majority of features that form the outer bounds of the cluster are still expected to belong to 
the torso. In this case, the plane 1001 may be positioned so that it segments the outer-most 
features into two groups of equal count. In either case, the plane 1001 will be positioned by 
the torso-divisioning process in block 902 so that it is likely to pass through the user's torso. 
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Process block 903 determines the position of the hand detection region 105 along the 
axis that is defined normal to plane 1001 found above. The hand detection region 105 is 
defined to be a predetermined distance 1004 in front of plane 1001, and therefore in front of 
the user's body. In the case of Fig. 1, distance 1004 determines the position of the hand 
detection region 105 along the z-axis. 

If the user's head is entirely within the region of interest 102, then the position of the 
topmost feature of the cluster is expected to represent the top of the user's head (and 
therefore to imply the user's height), and is found in process block 904 of this 
implementation. In process block 905, the hand detection region 105 is positioned based on 
this head position, a predefined distance below the top of the user's head. In the case of Fig. 
1, the predefined distance determines the position of the hand detection region along the y- 
axis. If the user's height cannot be measured, or if the cluster reaches the border of the 
region of interest 102 (implying that the person extends beyond the region of interest 102), 
then the hand detection region 105 is placed at a predefined height. 

In many scenarios, it can be determined whether the user's left or right arm is 
associated with each hand that is detected in the position calculation block 611 of Fig. 6. In 
process block 906, the position where the arm intersects a plane that is a predefined position 
in fi-ont of plane 1001 is determined. Typically, this plane is coincident to the hand detection 
region bovmdary indicated by 1002. If no features are near this plane, but if some features 
are found in front of this plane, then it is likely that those features occlude the intersection 
with that plane, and the position of intersection may be assumed to be behind the occluding 
features. By shortest neighbor distances between the features of the blocks, each intersection 
is associated with a hand point. 

The position of the middle of the user's body and the bounds of the user's body are 
also found in process block 907. Typically, this position is, given evenly distributed features, 
the mean position of all the features in the cluster. If features are not expected to be evenly 
distributed, the alternative measure of the position halfway between the cluster's bounds may 
be used. 

In process block 908, the arm-dependent position found by process block 906 is 
compared to the body centric position found by process block 907. If the arm position is 
sufficiently offset (e.g., by greater than a predefined position that may be scaled by the 
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cluster's overall width) to either the left or right of the body-center position, then it may be 
implied that the source of the arm comes from the left or right shoulder of the user 101. If 
two hands are found but only one hand may be labeled as "left" or "right" with certainty, the 
label of the other hand may be implied. Therefore, each hand is labeled as "left" or "right" 
based on the cluster's structure, assuring proper labeling in many scenarios where both hands 
are found and the left hand position is to the right of the right hand position. 

If one hand is identified by process block 908, then the hand detection region 105 
may be placed (by process block 909) so that all parts of the hand detection region 105 are 
within an expected range of motion associated with the user's hand. The position of the hand 
detection region 105 along the remaining axis may be biased towards the arm of the arm as 
defined by Eq. 8 (which is provided below). If process block 908 failed to identify the arm, 
or if it is otherwise desired, the position of the hand detection region 105 along the remaining 
axis may be positioned at the center of the user's body as found by 907. In scenarios where 
tracking of both hands is desired, the hand detection region 105 may be positioned at the 
center of the user's body. 

Process blocks 903, 906 and 909 each solve the position of the hand detection region 
105 in one axis, and together define the position of the hand detection region 105 within 
three-dimensional space. That position is smoothed by a dynamic smoothing process 910 by 
the same method used by component 615 (using Eq. 5, Eq. 6, and Eq. 7). However, a higher 
level of dampenuig may be used in process 910. 

The smoothed position information output fi*om the dynamic smoothing process 910, 
plus predefined size and orientation information 911, completely defines the bounds of the 
hand detection region 105. In solving the position of the hand detection region 105, process 
blocks 905, 907, and 908 find a variety of additional body position measures 913 (610 of Fig. 
6) of the user. 

In summary, the above implementation described by Fig, 6, using all the optional 
components including those of Fig. 9, produces a description of person(s) in the scene 
(represented as the hand/object position information 205 of Fig. 2) that includes the 
following information: 

- Presence/absence or count of users 
For each present user: 
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o Left/Right bounds of the body or torso 
o Center point of the body or torso 

o Top of the head (if the head is within the region of interest) 
o For each present hand: 

■ The hand detection region 

■ A label of "Left", "Right" (if detectable) 

■ The position of the tip of the hand 

■ The orientation of the hand or forearm 

Given improvements in the resolution of the scene description 203, the 
implementations described here may be expanded to describe the user in greater detail (for 
example, identifying elbow positions). 

This hand/object position information 205, a subset of this information, or further 
information that may be implied from the above information, is sufficient to allow the user to 
interact with and/or control a variety of application programs 208. The control of three 
applications is described in greater detail below. 

Through processing the above information, a variety of human gestures can be 
detected that are independent of the application 208 and the specific control analogy 
described below. An example of such a gesture is "drawing a circle in the air" or "swiping 
the hand off to one side". Typically, these kinds of gestures be detected by the gesture 
analysis and detection process 209 using the hand/object position information 205. 

A large subset of these gestures may be detected using heuristic techniques. The 
detection process 209 maintains a history of the hand and body positions. One approach to 
detecting gestures is to check if the positions pass explicit sets of rules. For example, the 
gesture of "swiping the hand off to one side" can be identified if the following gesture 
detection rules are satisfied: 

1 . The change in horizontal position is greater than a predefined distance over a time 
span that is less than a predefined limit. 

2. The horizontal position changes monotonically over that time span. 

3. The change in vertical position is less than a predefined distance over that time span. 
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4. The position at the end of the time span is nearer to (or on) a border of the hand 
detection region than the position at the start of the time span. 

Some gestures require that multiple rule sets are satisfied in an explicit order, 
whereby the satisfaction of a rule set causes the system to change to a state where a different 
rule set is appUed. This system may be unable to detect subtle gestures, in which case 
Hidden Markov Models may be used, as these models still allow for chains of specific 
motions to be detected, but also consider the overall probability that the motions sufficiently 
fit a gesture. 

An implementation of this system provides a method of user interaction whereby the 
user causes a representation of an indicator to move within an image (user feedback 206) that 
is presented to the user on a video display 108. The indicator is made to move in a way that 
reflects the movements of the user's hand. 

In one variation of this form of user interface, the indicator is shown in front of other 
graphics, and its movements are mapped to the two dimensional space defined by the surface 
of the video display screen 108. This form of control is analogous to that provided by a 
mouse commonly used with desktop computers. Fig. 11 A shows an example of a feedback 
image 206 of an application program 208 that uses this style of control 

The following describes a method by which, in the position mapping process 207, a 
hand position 205, detected by the scene analysis process 204 as previously described, is 
mapped into the position where the screen pointer or cursor 1101 is overlaid onto the screen 
image 206 presented on the video display 108. When one hand is detected and found to be 
within the hand detection region 105, then the hand position 205 relative to the hand 
detection region 105 is mapped by the position mapping process 207 into coordinates relative 
to the video display 108 before it is conveyed to the application program 208. One method 
of mapping the coordinates is through the application of Eq. 9 (which is shown below) for 
the X coordinate and the equivalent for the y coordinate. As illustrated in Fig. IIB, the entire 
display region 1102 is represented by a sub-region 1103 contained entirely within the hand 
detection region 1104 (analogous to hand detection region 105). Positions (for example, 
hand position 1105) within the sub-region 1103 are linearly mapped to positions (for 
example, 1106) within the display region 1102, Positions (for example, 1107) outside the 
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sub-region 1103 but still within the hand detection region 1104 are mapped to the nearest 
position (for example, 1108) on the border of the display region 1102. This reduces the 
likelihood of the user unintentionally removing the hand from the sub-region 1103 while 
attempting to move the cursor 1101 to a position near a border of the display. If both of the 
user's hands are detected within the hand detection region 105, then one hand is selected in 
position mapping process 207. Typically, the hand that is reaching furthest into the hand 
detection region 105 is selected. That hand is detectable as the hand that has, depending on 
the configuration of this system and the definition of the world coordinate system 106, either 
the largest or smallest x, y, or z coordinate value. 

An application that uses this style of interaction typically presents graphic 
representations of data or controls (for example, a button 1109). The user is expected to 
cause the indicator 1101 to be positioned over one of these objects. This condition may be 
detected by comparing the remapped indicator position 1106 to the bounds (for example, 
1110) of the graphic representation of the object, where this condition is true if the indicator 
position is within the object bounds. The user optionally receives feedback indicating that 
the cursor is positioned over an object. Feedback may be of a variety of forms, including an 
audio cue and/or a change in the graphical representation of either or both the cursor and the 
object. The user then may activate, manipulate, or move the object that is under the cursor. 

The user is expected to indicate his intention to activate, manipulate, or move the 
object by performing a gesture. In the implementation of this system presented here, the 
gesture analysis process 209 identifies as gestures patterns in the changes of the hand 
position or other positions and measures provided by either or both of scene analysis process 
204 and position mapping process 207. For example, the user may indicate an intention to 
activate the object that is under the cursor is to cause the cursor to remain over the object for 
longer than a predefined duration. Detection of this gesture requires that the state 210 of the 
application, in particular the bounds and/or state of the object, be fed back into the gesture 
analysis process 209. The application need not be created specifically for this system, as 
techniques exist that can unobtrusively monitor an application's state 210 and, using the 
coordinates provided by the position mapping process 207, emulate other interface devices 
such a computer mouse. 
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In some scenarios, the application state information 210 may not be available and 
may not be monitored. In this case, gestures that indicate the intention to activate the object 
under the cursor include holding the hand stationary ("hovering"), or poking the hand quickly 
forward and back. 

A method by which "hovering" has been detected is by keeping a history of the 
position of the hand, where that history contains all records of the hand position and state for 
a predefined duration of time that ends with the most recent sample. That duration represents 
the minimum duration that the user must hold the hand stationary. The minimum and 
maximum position, separately in each of the three (x, y, z) dimensions, is found within the 
history. If the hand was present in all samples of the history, and the distance between the 
minimum and maximum is within a predefined threshold for each of the three dimensions, 
then the "hovering" gesture is reported. Those distance thresholds represent the maximum 
amount that the hand is allowed to move, plus the maximum amount of variation (or "jitter") 
expected to be introduced into the hand position by the various components of the system. 
The typical method in which this gesture is reported, where the system is emulating a mouse 
as described above, is to emulate a mouse "click". Gestures representing additional 
operations of the mouse, "double clicks" and "dragging", have also been detected and those 
operations have been emulated. 

In addition, gestures that are independent of the position of the indicator relative to an 
object may optionally be detected and given meaning by the application, either with or 
without regard to the application's state. An application that uses this style of interaction 
typically does not explicitly use or display the user's hand or other positions. These 
applications can be wholly or primarily controlled with only the interpretations of the 
positions made by this system. These applications also need not be created specifically for 
this system because the interpretations made by this system can be used to simulate an action 
that would be performed on a traditional user input device, such as a keyboard or joystick. 

Many useful interpretations depend directly on the absolute position of the hand 
within the hand detection region 105. One method of making these interpretations is to 
define boxes, planes, or other shapes. A state is triggered on if the hand position is found to 
be v^thin a first box (or beyond the border defined by the first plane), and had not been in the 
immediately preceding observation (either because it was elsewhere within the hand 
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detection region 105, or was not detected). This state is maintained until the hand position is 
not found to be within a second box (or beyond the border defined by the second plane), at 
which time the state is triggered off. The second box must contain the entire first box, and, 
in general, is slightly larger. The use of a slightly larger box reduces occurrences of the state 
unintentionally triggering on and off when the hand position is held near the border of the 
boxes. Typically, one of three methods of interpreting this state is used, depending on the 
intended use of the gesture. In one method, the gesture directly reflects the state with an on 
and off trigger. When emulating a keyboard key or joystick fire button, the button is 
"pressed" when the state is triggered on, and "released" when the state is triggered off In the 
other common method, the gesture is only triggered by the transition of the state jfrom off to 
on. When emulating a keyboard key or joystick button, the key is "clicked". Although the 
duration and off state are not reported to the application, they are maintained so that the 
gesture will not be repeated until after the state is triggered off, so that each instance of the 
gesture requires a clearly defined intent by the user. The third method typically employed is 
to trigger the gesture by the transition of the state from off to on, and to periodically re- 
trigger the gesture at predefined intervals so long as the state remains on. This emulates the 
way in which holding a key down on a keyboard causes the character to repeat in some 
applications. 

One way in which boxes or planes for the above techniques may be defined within 
the hand detection region 105 is as follows. By defining a first plane (1501 in Fig. 15A) and 
second plane 1502 that divides the hand detection region 105 into "fire" 1503 and "neutral" 
1504 regions (the gesture reported when the hand is in the region 1505 between the planes 
depends on the previous positions of the hand, as described above), the above technique can 
detect a hand "jabbing" forward, which is one gesture for emulating a fire button on a 
joystick, or causing the application to respond in a way that is commonly associated with the 
pressing of a joystick button (for example, the firing of a weapon in a video game). 

Another way in which boxes or planes for the above techniques may be defined 
within the hand detection region 105 is as follows. Planes of the first type 1506, 1507, 1508, 
1509 are defined that separate each of the left, right, top and bottom portions of the hand 
detection region 105, overlapping in the comer regions as illustrated in Fig. 15B. Planes of 
the second type are labeled as 1510, 1511, 1512, 1513. Each pair of first and second planes 
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is processed independently. This combination of planes emulates the four directional cursor 
keys, where a hand in a comer triggers two keys, commonly interpreted by many applications 
as the four secondary 45 degree (diagonal) directions. 

Referring to Fig. 15C, an alternative method is shown for emulating control of 
discrete directions and applies for applications that expect the four 45 degree direction states 
to be explicitly represented. Boxes 1514, 1515, 1516, 1517 are defined for each of the four 
primary (horizontal and vertical) directions, with additional boxes 1518, 1519, 1520, 1521 
defined for each of the secondary 45 degree (diagonal) directions. For clarity, only boxes of 
the first type are illustrated. A gap is placed between these boxes. Fig. 15D illustrates how 
neighboring boxes are defined. The gap between boxes of the first type 1522, 1523 assures 
that the user intentionally enters the box, while the gap 1524 is filled by overlapping boxes of 
the second type 1525, 1526, so that the system will report the previous gesture until the user 
was clearly intended to move into the neighboring box. This combination of buttons can be 
used to emulate an eight-directional joystick pad, 

A wider class of gestures depend on motion instead of or in addition to position. An 
example is the gesture of "swiping the hand to the left". This gesture may be used to convey 
to an application that it is to return to a previous page or state. Through emulation of a 
keyboard and mouse, this gesture causes presentation software, in particular PowerPoint, to 
go to the previous slide of a presentation sequence. Through emulation of a keyboard and 
mouse, this gesture causes a web browser to perform the action associated with its "back" 
button. Similarly, the gesture of "swiping the hand to the right" is a gesture that may be used 
to convey to an application that the user desires to go to the next page or state. For example, 
this gesture causes presentation software to go to the next slide of a presentation sequence, 
and causes browser software to go to the next page. 

Using the method of dividing the hand detection region 105 into regions by separated 
planes, a method for detecting the "swiping the hand to the left" gesture that is simpler than 
that presented earlier is as follows. A thin stripe along the leftmost part of the hand detection 
region 105 is defined as the left-edge region. The hand position is represented as the 
following three states: 

1 . The hand is present and not inside the left-edge region 
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2. The hand is present and inside the left-edge region 

3 . The hand is not present within the hand detection region 

A transition from state 1 to state 2 above causes the gesture detection process 209 to 
enter a state whereby it starts a timer and waits for the next transition. If a transition to state 
3 is observed within a predetermined duration of time, the "swiping the hand off to the left" 
gesture is reported to have occurred. This technique is typically duplicated for the right, 
upper, and lower edges, and, because the hand position is found in three dimensions, also 
duplicated to detect "pulling the hand back". All of the above gestures may be detected 
using the position of either the head or torso instead of the hand. 

In another variation of this system, the user causes a representation of an indicator, or 
two indicators (one for each hand), to move within a representation (user feedback 206) of a 
three-dimensional virtual environment. The feedback may be provided by stereoscopic 
means whereby each of the user's eyes view a unique image creating an illusion of depth, 
although this type of system is impractical in many scenarios, and is therefore optional. It is 
otherwise possible, however, to imply the depth of objects by rendering the virtual 
environment using projective transforms. An example of use of this type of rendering is 
provided in Figs. 12A, 12B, and 13A. 

Referring to Fig. 12 A, the following describes a method by which, in the position 
mapping process 207, a hand position 205, detected by the scene analysis process 204 as 
previously described, is mapped into the position where the indicator 1201 is positioned 
within the virtual environment. Hand position(s) 205 relative to the hand detection region 
105 are mapped by the position mapping process 207 into coordinates relative to the video 
display 108 before being conveyed to the application program 208. One method of mapping 
the coordinates is through the application of Eq. 9 for the x coordinate and the equivalent for 
the y and z coordinates. This is similar to the method described previously, except that a 
third dimension has been added. 

Given the ability of the user to manipulate the position of the indicator 1201 in all 
three dimensions, the user 101 may cause the indicator(s) to touch objects (for example, 
1202) within the virtual environment like he would in the real environment. This is one 
method of user interaction with a virtual environment. The bounds (for example, 1203 and 
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1204), which may be represented as a cube or sphere, of the indicator and object are 
compared. The condition where the two bounds intersect indicates that the indicator is 
touching the object. It is possible, given well laid out objects, for the user to cause the 
indicator to move to a position that "touches" an object, where the path of the indicator 
avoids "touching" any other objects. Therefore, a "touch" generally signals the user's 
intention to activate, manipulate, or move the object. Therefore, unlike two-dimensional 
control, three-dimensional control of the indicator 1201 eliminates the need for an explicit 
gesture to initiate one of these actions. Also, unlike two-dimensional control, objects may be 
laid out at different depths (as are the file folders in Fig. 12A), to provide an interface that is 
a closer analogy to actions that the user may be familiar with performing in the real world. 
In addition, gestures that are independent of the position of the indicator 1201 relative to an 
object may optionally be detected to indicate the intention to perform an action. 

It is possible for the user to navigate within a virtual environment using this system. 
Navigation allows the user access to more objects or information than may be represented in 
the user feedback 206 at one time, by allowing the user to cause the selection of a subset of 
the objects or information to be represented. Navigation rnay optionally be of a form 
whereby the user 101 roams within a virtual environment and the subset of objects or 
information available to the user is dependent on the user's positions within the virtual 
environment. An example is presented in Fig. 13A, where the user may roam within the 
virtual room to reach any of several collections of objects that are represented as filing 
cabinets. 

Next, a method by which the user roams within a virtual environment is described. 
The video display image 206 is rendered in such a way that it represents the virtual 
environment as viewed by a virtual camera, whereby any objects within the field of view of 
the virtual camera, and not occluded by other virtual objects, are presented to the user. In 
one option, referred to as "first person", the position of the camera represents the position of 
the user within the virtual environment. In another option, an indicator represents the 
position of the user within the virtual envirormient. This indicator may optionally be an 
avatar (presented on the video display 108) that represents the user 101. The virtual camera 
position is caused to follow the indicator so that the indicator and all objects accessible to the 
user from the current user position are within the virtual camera's field of view. 
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Either the user's hand, body or head position may affect the user's virtual position 
when roaming. A position representing the center of the user's torso or the top of his head is 
found in some implementations of this system, in particular those implementations in which 
the optional gesture analysis process 609 is performed in its entirety as outlined by Fig. 9. 
The use of either of these positions allows the user 101 to perform the action of roaming 
independently of the position of his hands, permitting the hands to be used to "touch" virtual 
objects while roaming. Note that these touchable objects may be fixed in position relative to 
the virtual environment, or fixed in position relative to the virtual camera and therefore 
always available to the user. If these positions are not available, or it is otherwise desired, 
the user's hand position may be used to control roaming. In this case, the system may 
automatically switch to the touch context when the user has roamed near touchable virtual 
objects, or has preformed a predefined gesture. 

To provide a region where no change to the virtual position is implied, called a dead 
zone, the position (either hand, torso, or head) may be remapped by application of Eq. 10, 
(and similar equations for the y and z coordinates), which results in the relationship 
illustrated by the graphs in Fig. 13B. Note that the bounds and neutral position may be 
coincident to the hand detection region 105 and its center, or another region that is 
djTiamically adjusted to accommodate the user. 

When the torso or head is used, the bounds and neutral position, as used in Eq. 10 
may be adjusted to accommodate the user as follows. First, the neutral position Xc, yc, Zc 
used in Eq. 10 may correspond to the neutral position of the user's body. All users, after 
approaching the system, may not stand in the exact same location. After the user 101 has 
been given time to enter the region of interest 102, the user's torso or head position is 
sampled and used as the neutral position. The maximum range of motion, that is the distance 
in which a user is expected to comfortably move (or "lean") in each axis, is predefined. To 
assure that the user remains within the region of interest 102 while moving to these extreme 
positions, the neutral position Xc is bounded to within the region of interest 102 by a 
minimum of one half of the maximum range of motion described above, plus one half the 
typical body size, in each of the x, y, and z dimensions. The bounds bi and br are placed 
relative to the neutral position, with each being one half the maximum range of motion from 
the neutral position. 
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Gestures, as discussed earlier, may be based on the position and/or motion of the head 
or torso instead of the hand. In this case, the region defined by these bounds is used instead 
of the hand detection region 105. 

Horizontal motions of the user (along the axis labeled x in the example of Fig. 1) 
cause the view of the virtual environment to look left or right. The horizontal position, 
transformed by Eq. 10, is applied as a velocity function onto rotation about the virtual 
vertical axis, causing the indicator and/or camera to yaw. It is optional that vertical motions 
of the user (along the axis labeled y in the example of Fig. 1) cause the virtual view to look 
up or down. The vertical position, transformed by Eq. 10, is interpreted directly as the angle 
of rotation about the horizontal axis, causing the indicator and/or camera to pitch. Motions 
of the user 101 to or from (along the axis labeled z in the example of Fig. 1) the display cause 
the virtual position to move forward or backwards. One style of motion is analogous to 
"walking", where the indicator and/or camera remains a predefined height above a virtual 
"floor", and follows any contours of the floor (for example, move up a set of virtual stairs). 
The transformed position is applied as a velocity onto the vector that is the projection of the 
indicator and/or camera's orientation onto the plane defined by the "floor". Another style of 
motion is analogous to "flying". If this is desired, the transformed position is applied as a 
velocity onto the vector defined by the indicator and/or camera's orientation. An example of 
a virtual environment, which is navigated by the "flying" method of control as described, is 
shown in Fig. 14. The user's torso position, found by the methods described earlier and 
using the mapping of Eq. 10 and adaptive neutral position as described previously, is used in 
this example. 

The indicator used in the virtual environment, whether or not the above method by 
which the user controls or roams in the virtual environment is utilized, may take the form of 
an avatar. An avatar typically takes the form of a human-like body, as in 1401 of Fig. 14. 
The positions found by this system provide sufficient information to animate the virtual 
human-like form. 

This system finds both of the user's hands when they are within the hand detection 
region 105. These positions are remapped to corresponding positions in front of the avatar's 
torso, allowing the avatar's hands to reach to the same positions as the user is reaching to. A 
user's hand is not found or selected when the hand is not within the hand detection region 
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105. In this case, the avatar's corresponding virtual hand may be moved to a neutral position 
along that side of the avatar's body. 

In implementations of this system that utilize "roaming", a control position is found 
relative to a neutral position. In these implementation, the avatar's feet may remain in fixed 
positions and the relative control position is used directly to determine the position of the 
avatar's torso over the fixed feet (the stance). Fig. 14 shows an avatar controlled in this 
manner. In implementations not using "roaming", the avatar's torso position may be 
determined directly by the position representing the center of the user's torso or alternatively 
a position relative to the top of the head, as found in optional component 609. 

Additional details such the positions of secondary joints may be found through 
inverse kinematics techniques. In particular, the orientation data 613 associated with the 
forearm can be used to constrain the inverse kinematics solution to position the elbow to be 
near to the region from which the forearm originates within the hand detection region 105. 
The orientation data 613 constrains the elbow to a plane. The elbow's position on that plane 
is determined as the intersection of the arcs, with radii representing the length of the avatar's 
upper and lower arm segments, one centered on the avatar's hand position (in the virtual 
environment) and the other centered on a position relative to the avatar's torso representing 
the shoulder. Similarly the avatar's knee positions may be determined by the application 
program. By placing the avatar's feet in a fixed position and assuming the avatar's ankles 
cannot twist, the plane in which the knee bends is also fixed, and the knee position is 
determined by a similar intersection calculation as the elbows. Moreover, using the fixed 
foot position, the position of the avatar may be calculated such that the avatar appears to lean 
in a desired direction. With these calculations, the positions of the avatar's torso, hands, 
elbows, feet and knees are found, which is sufficient to animate the avatar. 
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EQUATIONS 



where / is the inter-camera distance 

D is the disparity 

X is the image position 

X is the world coordinate position 



^ _ {sFI sin a) + {ly cos a) 

where / is the inter-camera distance 

D is the disparity 

F is the average focal length 

5 is a unit-conversion factor applied to the focal length 

a is the angle of tilt between the cameras and the world coordinate 

z-axis 

y is the image position 

Y is the world coordinate position 
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z = 



{sFI cos a) + {ly sin a) 
D 



where I is the inter-camera distance 

D is the disparity 

F is the average focal length 

^ is a unit-conversion factor applied to the focal length 

a is the angle of tilt between the cameras and the world coordinate 

z-axis 

z is the image position 

Z is the world coordinate position 



where w is the weight, measured 0 to 1 

d is the distance of the feature into the hand detection region 
Jpis the distance of the feature that is furthest into the hand 

detection region 
dj^ is a predefined distance representing the expected size of 

the hand 



if d>(d^-d^) 



otherwise 
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Eq. 5 



S = < 




B 



if{D<D,) 
if{D^<D<D,) 
ifiD>D,) 



W15 



where Z) = |r(0-^(^-l)| 

s(t) is the smoothed value at time t 
r(t) is the raw value at time t 

and are thresholds 

and define degrees of dampening 



a- — where a is bound such that 0 < a < 1 



where S is dampening found by Eq. 8 

e is the elapsed time since the previous sample 
a is a scalar 



where s(t) is the smoothed value at time t 
r(t) is the raw value at time t 
a is a scalar where Q<a<\ 



Eq. 7 



s{t) = (a X r(0) + ((1 - a) X s(t - 1)) 
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X = 



^{b^-bj if left ~ arm 
< b^ + P{b^ -b^) if right - arm > 
b if unknown 



where x is the position of the hand detection region 
b^ is the position of the body's center 
b^ and b^ are the positions of the left and right bounds 



where x^ is the hand position in the world coordinate system 
x^is the cursor position on the screen, mapped 0-1 
b^ and b^ are the positions of the left and right bounds 

of a sub-region within the hand detection region, 
w.r.t. the world coordinate system 



of the body 



;5 is a scalar representing the amount by which the 
hand detection region position is biased to the 
left or right side 




1 



// x^<b, 
if h<x,<b^ 
if x,>b^ 
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Eq. 10 



X.. = 



-X, 



k <x, <(x,-f) 



0 if (x^-^)<x,<(x^+^) 

X. if ^k^K 



where is the velocity appHed in the virtual coordinate system 
X^^ is the maximum magnitude of velocity that may be 
applied in the virtual coordinate system 
is the position in the world coordinate system 

x^is the neutral position in the world coordinate system 
x^ is the width of the "dead zone" in the world coordinate 
system 

and are the positions of the left and right bounds 
of a sub-region w.r.t. the world coordinate system 



A number of implementations have been described. Nevertheless, it will be 
understood that various modifications may be made. Accordingly, other implementations are 
within the scope of the following claims. 
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